Carbon nanotube (CNT) gel, which is composed of a mixture of single-wall CNT, an ionic liquid, and a thermostable d-proline dehydrogenase (d-Pro dH) immobilized electrode was utilized for the determination of d-amino acids (dAAs) in food samples. When a critical comparison with CNT, Ketjen Black (KB), and carbon powder (CP) was also carried out, the CNT/d-Pro dH immobilized electrode showed the highest sensitivity and the lowest detection limit of d-proline. In addition, the CNT/d-Pro dH immobilized electrode was applied to detection of dAAs in rice wine and vinegar samples. The concentrations of dAAs in rice wine and vinegar samples were 0.0210 ± 0.0001 and 0.55 ± 0.05 mmol L -1 , respectively.
Introduction
Recently, progress in analytical methods has revealed the biological and physiological roles of d-amino acids (dAAs). In particular, d-serine distributes widely in the brain of schizophrenic and Alzheimer sufferer's, and is suspected to be involved in several neurological diseases. 1, 2 It is expected that dAAs enter the body through foods. 3 Therefore, it is important to analyze dAAs in food for clarifying the intake process. However, data of dAAs concentration in food samples has rarely been accumulated. It is known that the d-proline concentration increases in vinegars during aging, and this phenomenon has potential as an indicator for examining the aging process. 4, 5 Furthermore, amino acids in drinks affect their taste and aroma. 6 Erbe and Bruckner have determined the concentration of dAAs in beer to evaluate beer quality. 7 However, conventional analytical methods for dAAs involve the use of such techniques as high-performance liquid chromatography, gas chromatography and amino acids analyzers, which are generally time-consuming processes. [8] [9] [10] The electrochemical methods can be operated with small equipments, and running costs are generally low. We have already developed an amperometric dAAs sensor in which a thermostable d-proline dehydrogenase (d-Pro dH) immobilized the electrode surface within an agar gel membrane. 11 The d-Pro dH/agar immobilized sensor could be simply prepared and detect d-proline up to 0.5 mmol L -1 . 11 However, the d-proline concentrations in food samples, such as vinegar (0.1 mmol L -1 ) 12 and alcohol drinks (0.005 mmol L -1 ), 7 are generally low. Thus, it is necessary to improve the sensitivity for the analysis of these samples. In order to improve the sensitivity of a d-Pro dH/agar immobilized electrode, we selected carbon materials, such as carbon nanotube (CNT), Ketjen Black (KB) and carbon powder (CP). Since carbon materials have a superior electric conductivity and a large surface area, they have been widely used in electrochemical biosensors. [13] [14] [15] For example, KB and CP were utilized as electrode materials for a biofuel cell 14 and a pH sensor. 15 Furthermore, there have been a large number of applications of CNT for biosensors. For example, a CNT/glucose oxidase (GOx) doped polypyrrole immobilized electrode and a screen-printed electrode immobilized with CNT/horseradish peroxidase (HRP)/polysulfone were reported for glucose and H2O2 sensors, respectively. 16, 17 Moreover, Fukushima et al. recently developed a CNT gel, which was a mixture of a CNT and imidazolium ion based ionic liquids. 18 The CNT gel has a large potential for electrode materials because of its large surface area and easy membrane-forming performance. The CNT and ionic liquid have been used for such purposes as the formation of nanoparticles, 19 lubricant additive, 20 actuator 21, 22 and elastic conductor. 23 To the best of our knowledge, the application of the CNT gel to a dAAs sensor has not been reported yet.
In the present work, we researched an effective carbon material for improving the sensitivity of the d-Pro dH/agar immobilized electrode. Carbon materials (CNT, KB, CP) and ionic liquid Notes modified electrodes were used for comparisons of the sensor performance.
The electrochemical properties of carbon materials, such as the conductivity and the surface configuration, were characterized by electrochemical methods. Finally, we determined the dAAs concentration in rice wine and vinegar samples using a CNT/d-Pro dH immobilized electrode.
Experimental
Reagents d-Pro dH was obtained using a method reported by Satomura et al. 24 Potassium chloride, 2,6-dichloroindophenol (dCIP), potassium dihydrogenphosphate (KH2PO4), disodium hydrogenphosphate 12-water, agar, and 4-methyl-2-pentanone were of analytical grade and purchased from Kanto Chemical Co. (Tokyo, Japan). dCIP was used as an electron mediator. d-Proline was of analytical grade, and purchased from Wako Pure Chemical Industries (Osaka, Japan). Poly-vinylidene fluoride-cohexafluoropropylene (PVdF) was purchased from Aldrich (Milwakee, USA). An ionic liquid of 1-butyl-3-methylimidazolium tetrafluoroborate (BMIBF4) was purchased from Merck (darmstadt, Germany). A single-wall carbon nanotube (SWCNT: average particle diameter of 1 -2 nm) was purchased from Science Laboratories (Tokyo, Japan). KB (average particle diameter of 39.5 nm) was purchased from Ketjen Black International Co. (Tokyo, Japan). CP (average particle diameter of 45 μm) was purchased from Strem Chemicals (Newburyport, USA).
Electrochemical measurement
All electroanalytical experiments were performed by using a potentiostat BAS-100B/W (BAS Inc. USA) equipped with a three-electrode system. A carbon-based gel/d-Pro dH/agar immobilized glassy carbon (GC) electrode was used as a working electrode. A platinum wire and a Ag/AgCl electrode (saturated KCl) were used as counter and reference electrodes, respectively. Cyclic voltammograms were normally recorded at a scan rate of 1 mV s -1 . A timebase technique in which the applied potential was held constant at 200 mV vs. Ag/AgCl was used for the determination of d-proline at 10 min after the addition of d-proline. Chronocoulometry (CC) was used for calculating the electrode surface area. The electrode surface area was calculated from the electrical charge (Q) in 1.0 mmol L -1 potassium ferrocyanide in a CC measurement (step range, from 0 to 500 mV; pulse time, 250 ms) based on a Cottrell plot, ); t, time (s)). According to the integrated Cottrell equation, the surface area in the oxidation can be estimated from the slope of Q vs. the square root of time (t 1/2 ). dCIP was dissolved in a 0.067 mol L -1 phosphate buffer solution (PBS) at pH 8.0. Before an electrochemical measurement, nitrogen gas was passed into the PBS. The measurement temperature was usually set at 50 C using a temperature-controlled bath (Type TR-2A, As One Co., Osaka, Japan). The temperature of the analytical solution was measured with a thermosensor in a temperature-controlled bath.
Preparation of the CNT gel and D-Pro DH immobilized electrode
First, a GC electrode (electrode diameter, 3 mm) was sequentially polished with 6 and 1 μm of diamond paste and 0.05 μm alumina powder. The electrode was then rinsed with pure water. SWCNT (5 mg) and BMIBF4 (21 μL) were mixed with a mortar and 6.3 mg of PVdF was added to the mixture. Then, 250 μL of 4-methyl-2-pentanone was added to a mixture of the SWCNT/BMIBF4 and PVdF. This mixture was then heated at 80 C in order to obtain the CNT gel. The prepared CNT gel was treated with an ultrasonic homogenizer prior to spin-coating on a GC electrode. The polished GC electrode was set on an electrode rotating machine for spin-coating with CNT gel and the agar gel with d-Pro dH. Twenty microliters of the CNT gel were dropped onto the surface of the electrode under rotation at 4000 rpm. Subsequently, 15 μL of a solution containing 1.5% (w/v) agar and 6.4 units of d-Pro dH heated at 80 C was dropped onto the surface of the CNT gel immobilized electrode under rotation at 4000 rpm. The electrode was cooled at room temperature for 15 min and used for an electroanalytical measurement after rinsing its surface with pure water. The KB and CP gel electrodes were prepared using a similar procedure and composition as in the preparation for the CNT gel.
The electric conductivity of the CNT gel, the KB gel and the CP gel was determined using a four-probe method (HewlettPackard, Type-34401A).
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A UV-visible spectrophotometer (Jasco Model V-570, Tokyo, Japan) was used to check the amount of d-Pro dH in agar gel immobilized on the surface of the electrodes. The amount of d-Pro dH was determined by previously described methods. 11 We determined the dAAs concentration in rice wine (origin, Japan; alcohol component, 15.5%; raw material, Japanese rice) and vinegar (origin, China; raw material, sweet rice) samples using the CNT/d-Pro dH immobilized electrode. Since vinegar samples generally include easily oxidized substances, such as ascorbic acid, they were treated by a pre-oxidation method in order to remove these substances in advance. The treatment, in which the sample volume was 1 mL, consisted of electrolyzation with a Pt mesh electrode at 1300 mV vs. Ag/AgCl for 1 h. 11
Results and Discussion

Preparation of the CNT gel/D-Pro DH immobilized electrode
The CNT/d-Pro dH immobilized electrode was characterized by cyclic voltammetry. The cyclic voltammograms were measured in a pH 8.0 PBS containing 0.5 mmol L -1 dCIP and 0.1 mol L -1 KCl. The voltammograms are shown in Fig. 1 . The electrocatalytic oxidation current of dCIP was observed at about -100 mV vs. Ag/AgCl, and increased with the addition of 20 mmol L -1 d-proline. The modification of the CNT gel raised the electrocatalytic oxidation current by 3 -5 times in comparison with the conventional d-Pro dH/agar immobilized electrode. The electron-transferring process occurring on the surface of the electrode can be summarized as follows:
dCIP(Red) → dCIP(Ox) + 2H + + 2e -.
Next, the preparation of the CNT/d-Pro dH immobilized electrode was optimized. The CNT concentration strongly affects the current response and surface area of the electrode. First, we investigated the effect of the CNT concentration between 0.5 and 4.0% (w/v) on the current response of d-proline. This result is shown in Fig. 2(a) . The oxidation current upon the addition of 10 mmol L -1 d-proline was largest at 2.0% (w/v), while it decreased above 2.0% (w/v) of the CNT concentration. In a high CNT concentration range, a decrease in the current response might arise from inhibition of the diffusion of d-proline and dCIP because of the thick membrane of the CNT gel. A similar result was reported from a CNT/Nafion immobilized electrode for the determination of p-aminophenol. 26 When the CNT/Nafion film was too thick, the current response of p-aminophenol decreased, because of a reduced mass transport. Consequently, the optimum CNT concentration was chosen as 2.0% (w/v).
PVdF is a thermoplastic polymer, and is used as an immobilization matrix for the CNT gel on the surface of the electrode. 23 We investigated the dependency of the PVdF concentration at between 1.5 and 3.5% (w/v) on the current response of 10 mmol L -1 d-proline. This result is shown in Fig. 2(b) . The maximum current response was observed at 2.5% (w/v), and its relative standard deviation (RSd) was less than 10% (n = 3). For high PVdF concentrations above 3.0% (w/v), the current response decreased and its RSd was over 20%. The low current response and the smaller reliability of the high PVdF concentration were due to the formation of a thick, non-uniform membrane of CNT gel on the electrode, because of its high viscosity. Consequently, 2.5% (w/v) PVdF was used as the optimum concentration in further measurements. The membrane thickness of the CNT gel on the electrode prepared in the optimal procedure was 1.1 ± 0.4 μm.
Under the optimum conditions, the long-term stability of the CNT/d-Pro dH immobilized electrode was characterized by the current ratio. The current ratio was measured by the same CNT/d-Pro dH immobilized electrode. The initial current was defined as that measured on the first day of preparing the electrode. The CNT/d-Pro dH immobilized electrode was stored at room temperature under dry conditions. The long-term stability of the CNT/d-Pro dH immobilized electrode was tested by measuring every 7 days, and could keep 58 ± 17% (n = 3) of the initial current for 28 days. The long-term stability of the CNT/d-Pro dH immobilized electrode was lower than that of the d-Pro dH/agar immobilized electrode. 11 This decrease in the long-term stability might arise from desorption of the immobilized d-Pro dH and the CNT gel layer because of the thick membrane on the surface of the electrode.
Comparison of the current response of D-proline with different carbon materials/D-Pro DH immobilized electrodes
We compared the current responses, in a 10 mmol L Fig. 3 . In addition, Table 1 summarizes the sensitivity and the detection limit of d-proline with these electrodes. The sensitivity was calculated as the slope of the calibration plot of d-proline at the electrode. The detection limits were estimated as triple the concentration corresponding to the background current observed at pH 8.0 PBS (n = 3). The CNT/d-Pro dH immobilized electrode exhibited the lowest detection limit and the highest sensitivity among these electrodes. It was expected that the current response of the carbon-material immobilized electrodes would correlate with the surface area of the electrode, the electric conductivity of the carbon material and the amount of d-Pro dH on the surface of the electrode. These parameters were estimated, and the results are given in Table 2 . The amounts of d-Pro dH onto the various carbon material immobilized electrodes showed little variation.
A modification of the carbon materials on the electrode increased the surface area of those electrodes, in comparison to the d-Pro dH-only immobilized electrode. Consequently, the surface area is deemed to be the major factor responsible for the increased current response. However, the surface area and the electric conductivity were also highest for the KB immobilized electrode. This result indicates that there were other factors that affected the current response. The CNT/d-Pro dH immobilized electrode shows the largest maximum current and sensitivity compared to other carbon material electrodes shown in Fig. 3 . Thus, we also estimated the Michaelis-Menten constant (Km) for the carbon material/d-Pro dH immobilized electrodes. The Michaelis-Menten constant (Km) was calculated using a Lineweaver-Burk plot.
The Km of the CNT/d-Pro dH immobilized electrode was 0.83 mM, whereas those of KB/d-Pro dH, CP/d-Pro dH and d-Pro dH-only immobilized electrodes were 1.8, 5.2 and 7.9 mM, respectively. A large maximum current and low Km generally indicate a high biological affinity between the enzyme and the substrate, and the CNT electrode shows a higher affinity to d-proline. In other words, the reactivity of the enzyme-substrate in the CNT/d-Pro dH immobilized electrode was higher than those of the other carbon material/d-Pro dH immobilized electrodes. The smaller Km value for the CNT immobilized electrode is consistent with previous reports for CNT-modified enzyme sensors, such as CNT and lactate dehydrogenase (enzyme cofactor NAd), 27 HRP (enzyme cofactor heme), 17 and GOx (enzyme cofactor FAd) electrodes. 28, 29 
Analytical application of CNT/D-Pro DH immobilized electrode
In this study, the CNT/d-Pro dH immobilized electrode was applied to determine the concentration of dAAs in a rice wine and a vinegar samples. The measured value was defined as the total concentration of dAAs, since the d-Pro dH reacts with several dAAs, expect for d-proline. 11 The concentration of dAAs in the rice wine and the vinegar samples were 0.0210 ± 0.0001 and 0.55 ± 0.05 mmol L -1 (n = 3), respectively. These values were obtained using CNT gel modification. The concentration range of dAAs in vinegar reported in previous studies (0.1 -1.0 mmol L -1 ) is approximately similar to our results. 12, 30, 31 However, the concentration of dAAs in rice wine has been rarely reported, so we could not compare our data.
Conclusions
In this study, CNT gel was used as a modifier of d-Pro dH immobilized agar electrodes in order to improve their sensitivity to dAAs. The CNT gel membrane can be easily and uniformly formed on the electrode by spin-coating. The current response of d-proline was highest with the CNT/d-Pro dH immobilized electrode. The sensitivity of the CNT/d-Pro dH immobilized electrode was higher than that of KB, CP, and the conventional d-Pro dH-only immobilized electrodes. This result is due to an increase in the surface area of the electrode, and also by promoting the enzyme reaction, resulting from a modification of the CNT gel. The concentrations of dAAs in the rice wine and vinegar samples were obtained using a CNT/d-Pro dH immobilized electrode. 
